12 May, notwithstanding the fact that almost all of us were refugees from the Nazi regime and were its sworn enemies. So it came about that Tommy and I met on the evening of that day on a concrete floor. I suspect that I was the first person Tommy met who aimed to be a professional scientist! We immediately became good friends, united by the optimistic outlook of the young: we greatly admired the UK (and Winston Churchill), contrasting with the depression and pessimism of most of the rest of the company.
Although being interned was certainly no fun, the presence of scientists and engineers gave an academic feel to the company. Max Perutz has written beautifully about this. Several of us gave courses of lectures, particularly when we were stationary for several months in a camp in Canada. Tommy's questions gave me a high opinion of his ability, and his practical sense eased my life considerably. We both returned to Cambridge in 1941, he to complete his engineering course, I to start research under Harold (later Sir Harold) Jeffreys FRS. However, we were both keen to become useful to the war effort. In April 1942 I joined the naval radar research establishment, where I soon met, liked and admired Fred (later Sir Fred) Hoyle (FRS 1957) and became his deputy. Tommy performed miserably in his tripos in June (he achieved only an ordinary degree). Accordingly, his 'war work' was to become a lumberjack or to help on a farm. I thought he could do valuable work in our research establishment and asked Fred to recruit him. This was not easy, as normally only people with a good honours degree were sent to us. But Fred, relying entirely on my judgement, fought the case through, and Tommy joined us in October 1942. He and Fred immediately took to each other. Tommy, with his more practical outlook, soon became very useful to the establishment. He compensated for his weak mathematics by his excellent ability to invoke and apply the basic laws of nature. He was keen on independence, so we rented a little house in a nearby village where we moved from our comfortable billet. Fred, some years older than us, with a wife and child, had a very awkward journey between his house and our place of work, so he spent several midweek nights with us. Having worked together during the day on radar problems, we were also together during the evenings, when Fred, with his wonderful enthusiasm for astronomy, infected us with it. This is how Tommy came to abandon his previous aim to make a career in business and decided to become a scientist! I have told this story at length because it is so unusual and involves so many improbable and unforeseeable events. He joined our small theory group. It had fewer than 10 members, but in years to come, five of us were elected FRS (Hoyle, Gold, Pumphrey, Domb and myself). R. J. Pumphrey (FRS 1950 ) was a zoologist, whose interest in nerves had made him an outstanding designer of electronic equipment. Cyril Domb (FRS 1977) worked in statistics and was very good at analysing circuits.
SCIENTIFIC WORK FOR THE ROYAL NAVY
Tommy soon became very useful. One major task was to get at least a rough idea of how the sea state affected radar visibility of conning towers, small ships, and so on, for aircraftmounted radar. His systematic efforts substantially improved our understanding. He next looked at a critical problem for the forthcoming invasion of Nazi-held Europe: how could the large number of landing craft each navigate to its meticulously planned landing spot? It soon became clear that the vessel's radar was the only hope. But this meant that each navigating officer had to be given sketches of what he would see on his radar screen as he steered towards his correct landing spot. This seemed to be a gargantuan task but was made into a task of feasible, if large, size by two contributions that Tommy made: first, he pointed out that it was not necessary to evaluate the radar reflection characteristics of each kind of ground cover; it was sufficient to distinguish between the areas illuminated by the radar beam and those not so illuminated. Secondly, he designed a little gadget to help turning the map into the required sketch.
However, his unique and greatest contribution was to help our intelligence to make sense out of the fragmentary technical information they managed to get out of the enemy-held areas of Europe. Even though Naval Intelligence had a good technical department, they always appreciated an independent broadminded view. Tommy, who was certainly no specialist, was their favourite choice for the rest of the war and afterwards, while he stayed in his job.
So he became one of the few who knew (in early 1944?) that the German Navy was fitting snorkels to many of its submarines and understood what a disaster this would be for the western allies. In the 'battle of the Atlantic' our eventual success was almost entirely due to our radar-equipped aeroplanes finding the submarines at night, when they were on the surface, running their diesels to recharge their batteries. Once a German submarine had been located by the aeroplane's radar, it would be illuminated by the plane's searchlight and destroyed by bombs. If it could remain submerged, with only the snorkel sticking out, its radar visibility would disappear (except in a very calm sea) and it would be immune to such an attack. The German submarine fleet could then sink our ships and drown our sailors at a greater rate than even the USA could replace them. Cutting the lifeline across the Atlantic would make the allied forces ineffective and would starve out the UK. All this was clear to Tommy and to Naval Intelligence. Energetic countermeasures (basically the concentrated bombing of sites involved in the snorkelling of submarines) avoided this disaster.
After the end of hostilities, Intelligence found Tommy also most useful. In the surrender arrangements, all German submarines were ordered to proceed to Londonderry, where a group of scientists were assembled to inspect them for their technical equipment and interrogate the crews. Tommy was there to look at the electronics. Moreover, his command of German made him a very useful interrogator.
Next, he was chosen to lead a team to visit all likely German research establishments to find out what competence they had developed in radio and radar, and in particular whether they were in advance of us anywhere in electronics. He was given the rank and uniform of a Wing Commander in the Royal Air Force so as to command cooperation from the armies of occupation. He was greatly amused being given this very senior rank when he was just 25 years old! It seems to have been a very successful operation: again he could surprise any secretive German scientists when he interrupted the formal proceedings of his team (of course conducted in English, with interpreters), suddenly switching to German. Moreover, he had a good knowledge of several of the local dialects of the regions in which various of the establishments visited were located. That caused such a surprise that any intended secrecy about sensitive parts of the work was abandoned.
There was also a very nasty incident on this visit to Germany. Tommy and a member of his team were attacked by a drunken US soldier armed with a big knife one night on a deserted (Germans were under a curfew) Berlin street. Had it not been for Tommy's fitness and combat experience in street fighting, acquired in Berlin just before the family emigrated, Tommy and his companion might well have lost their lives. He was still very bothered relating this incident to me some weeks later.
Returning to our establishment after this trip, he found it very empty. Shortly after the end of the war many of us returned to Cambridge, where we were well known and jobs awaited us. But Tommy had to remain at our naval establishment, now working at much lower pressure and speed. With the full approval of his seniors he started work on a moving-target-indicating radar. One way to achieve this is for the equipment to compare the return from one pulse with that from its predecessor. Thus the return from the first pulse has to be delayed. Tommy chose to do this by turning the electromagnetic return into ultrasound, which travels (in water or other liquid) much more slowly. He made a useful delay line, but was particularly intrigued by ultrasound and its ability to penetrate materials such as human body tissue or steel and thereby reveal features of its deep interior. However, this was not the brief of the naval radar establishment. So he resigned and came to Cambridge in 1947, with his parting gift the delay line, a crucial component of the moving-target-indicating radar then being developed.
RETURN TO CAMBRIDGE
Working at the naval radar research establishment had proved to Tommy and to those who knew his contributions that he had the ability required for a career in science. His achievements were not in the public domain, however; all that was on record was his dismal performance in the 1942 engineering tripos. He knew that he needed a demonstrable success to start his academic career. Cambridge was not only an excellent university in science, but was the place where three of his colleagues (Hoyle, Pumphrey and I) were active. He thought his trump card was his expertise in ultrasound, coupled with his appreciation of its likely significance for medical diagnostics.
At first everything went smoothly. The head of the Cavendish (physics) Laboratory, Sir Lawrence Bragg FRS, was very positive towards the proposal, and supported an application to the Medical Research Council for a grant to finance this work. A two-year grant was readily agreed (including a salary for Tommy) and everything looked settled. Then, one day before he was due to move to Cambridge, he received a letter from Mr J. A. Ratcliffe (FRS 1951) (to whom Sir Lawrence Bragg had entrusted the administration of the Cavendish Laboratory) that the laboratory was full and had no space for his work. This ruined the project. An experienced operator would have found a way round this, but for Tommy (and the diagnostic use of ultrasound) it was final. The sad truth is that in Cambridge it was not unusual for minor administrative difficulties to ruin imaginative projects supported by senior professors. Ultrasound for diagnostic purposes, now regarded as an indispensable tool, was developed elsewhere nearly 10 years later. The one positive outcome of this period was that Tommy's delay line (10)* was of great value to the computer being developed at the Mathematical Laboratory, as its director, Maurice (later Sir Maurice) Wilkes (FRS 1956 ), gratefully acknowledged.
Richard Pumphrey, with whom we had worked during the war, was puzzled by some physical problems in physiology and asked Tommy to join him in this work. The Medical Research Council liked their proposal and gave a grant (including a salary for Tommy), and the Zoological Department was happy for them to work on its premises. Soon their efforts concentrated on the sense of hearing. The amazingly good frequency discrimination that we all possess could not be accounted for. Nearly 100 years before them the great German physicist Hermann Helmholtz (ForMemRS 1860) had proposed that the band of fibres in the cochlea acted as frequency analyser. But it seemed evident that the motion of these fibres was so severely damped by the liquid in which they had to move that they could not possibly act as frequency analysers. Gold and Pumphrey solved all other problems of the Helmholtz theory except this crucial one. Tommy, thinking on his own, then realized that this difficulty had been successfully dealt with in the design of sensitive radio receivers by a positive feedback putting energy into the incoming waves. These are called 'regenerative receivers'. At Pumphrey's suggestion, they then published their work, thoroughly tested in numerous experiments, in two papers in Proceedings of the Royal Society series B, the first a joint paper, the second by Gold alone on the positive feedback mechanism (3, 4), and presented ancillary work in two notes in Nature (2, 5). A Fellow of Trinity, William Rushton (FRS 1948), took a great interest in these explorations and advised Gold to present his solution as a Fellowship thesis to Trinity. Gold followed this advice (1) and was duly elected.
With this success his standing had changed completely. With 1 1 -2 papers in a highly prestigious journal, his name became known to relevant scientists everywhere. In England, a Junior Research Fellowship at a great College was highly appreciated. Indeed, the College asks its newly elected Junior Research Fellows to cease to work for a PhD, which is not nearly as distinguished. (This policy has since been changed, but it explains why Gold and I did not obtain Cambridge PhDs.)
The guidelines to the Electors to these Fellowships ask them to focus on originality and brilliance and not on completeness or evidence of a thorough knowledge of the literature. Given that the only previous knowledge of Gold that the College had was his dismal performance in the engineering tripos in 1942, his election in 1947 gives me great respect for the Trinity Electors' independence of mind, helped as they were by the wonderful traditions of Trinity of fostering wayward geniuses from Isaac Newton onwards. Moreover, the Gold-Pumphrey theory of hearing was ignored by the bulk of other researchers in the field, who were in the main medically oriented and found it strange and unintelligible. Accordingly, it was not mainstream until it was rediscovered by Dr David Kemp nearly 40 years later. This inordinate delay is described by Sir James Lighthill FRS amusingly in a conference report in Journal of Vibration and Acoustics, volume 113, in January 1991. The only people who took Tommy's 'regenerative' theory seriously were Pumphrey, Rushton and possibly two or three anonymous scientists consulted by the Electors and by the Editor of Proceedings B in 1947.
How can one account for one and the same person failing so miserably in 1942 and succeeding so well in 1947? It seems to me that the key is his attitude to, and incompetence in, mathematics. Contrary to his assertion, I believe that he was taught mathematics very badly at school. However, by being well taught in his science lessons and even more by his serious, sustained and thorough reading of the best textbooks in physics and related subjects, he had an unusually deep and thorough verbal understanding of the laws of nature in these subjects. His excellent ability to argue verbally from this verbal knowledge made him the outstanding scientist he was, but also made him wickedly contemptuous of all those who worked only from a mathematical formulation of the laws and drew conclusions, it seemed to him, by mathematical tricks. This being the way in which examination questions are usually framed, his 1942 failure becomes inevitable, his success in many fields understandable. This is another issue that makes Gold singular: one usually classifies scientists working in physics, for example, as either experimental or theoretical physicists. In fact, most theoretical physicists are deeply involved in mathematics and are guided by it. Most of Gold's scientific contributions would surely be classified as theoretical, but he was certainly never a mathematician! His ability to reason verbally from first principles made Gold very useful to many other researchers in the Zoological Laboratory (where he remained after the completion of the work on hearing) because he was happy to help with little problems of physics as they arose. He also answered brilliantly a query of visitors from the Royal Aircraft Establishment on why the then very new experience of supersonic flight led not, as most had expected, to a single bang but to a double bang being observed on the ground (16).
Meanwhile, problems of location again brought Gold, Hoyle and me together. Hoyle, with his wife and two children, had bought a house in Quendon, well south of Cambridge. On Gold's marriage to Merle Tuberg (an astrophysicist) in 1947, his father bought them a very nice house in the southern part of Cambridge. Only I remained in the central area, first in rooms in Trinity College, and, after my marriage, in a flat just outside the College. So it became natural for Gold and Hoyle to drop in on me in any free time they had. Our evening conversations of wartime were replaced by daytime discussions. Hoyle's presence ensured that these frequently involved major problems of astronomy such as the timescale difficulty of cosmology: the time constant of the Hubble expansion was estimated by Hubble himself to be 1.8 billion years, very short compared with the estimates then being made of the ages of the oldest rocks, of the Earth, of meteorites, of the Sun, and so on, all not far from present estimates. Hubble's tremendous prestige prevented his figure of 1.8 billion years being doubted for many years.
This difficulty was so keenly felt that it made physicists and astronomers of the highest standing willing to contemplate that what had been viewed as 'constants of nature' (notably the constant of gravitation) were in fact changing with the cosmic time. The three of us were horrified by such manoeuvres, particularly as accepting the time dependence of one feature of our physics in no way prohibits such time dependence in any other features. All these concerns would disappear if only the universe were unchanging on a large scale. But, we told ourselves, this resolution of our unease is ruled out by the second law of thermodynamics and equally ruled out by the Hubble motion of recession. Then one day (probably in late 1947) Tommy Gold surprised Fred Hoyle and me with the idea of the continual creation of matter invalidating these two objections to an unchanging universe just mentioned. Both Fred and I laughed and said that we could surely disprove this crazy idea before dinnertime. But, however hard the three of us tried, we could not come up with a counter-argument. So we studied what assumptions would have to be made to produce a viable theory of cosmology with continual creation. If the creation process were uniformly distributed, it would be far too small for direct detection. To reconcile an unchanging universe with the second law, creation had to bring in low entropy. This would be the case if the newly created matter were as simple as possible (neutrons or protons and electrons?) and it entered the universe with the velocity that led to the Hubble system of receding galaxies looking most symmetrical. It is then only a short step to show that an unchanging universe fits a de Sitter model. Gold and I thought this was quite sufficient to publish. Hoyle wanted to demonstrate that it could be made to fit in with the field equations of General Relativity. Therefore it was published in two papers, the first by Gold and me (6), Hoyle's formulation in the immediately following one. The 'steady-state theory of the expanding universe' made our names known to the general public and to numerous students of science. Of senior astronomers, only a very few-notably the eminent theoretical astronomer W. H. (later Sir William) McCrea (FRS 1952)-thought it a likely blueprint for our universe, and some hated it. It certainly gave the three of us wide publicity because it is easily explained. Intemperate attacks on the theory during the first few years we repelled unitedly and easily, but then our paths diverged. My interests changed to other subjects after I completed my book on cosmology in 1951; Hoyle created, over the decades since, a quasisteady-state theory, working with Geoffrey Burbidge (FRS 1968) and Jayant Narlikar. Many of the younger astronomers who had worked happily on the theory abandoned it in the light of later observations. Gold alone believed, to his dying day, that the steady-state theory was not only correct but was the only logically tenable cosmology. The observations that allegedly disproved it could, he believed, by careful analysis, one by one, be shown to be compatible with it. Because he died without having inspired a younger scientist to tackle this mountain of work, we will never know.
Gold's fertile mind was by no means fully occupied by cosmology. His particular strengths were his deep understanding of thermodynamics (8) and his excellent ability to think and work in three dimensions. This meant that the new and rapidly growing subject of magnetic fields in space suited him very well. The sheer number of papers he produced in this period is astounding (7, 11-14). Gold and I were still in close contact at this time and when one of us had an idea for an investigation and the other one was interested, a joint attack resulted, in which the mathematics I brought to our collaboration played an essential part, as Tommy agreed. Some of these dealt with quite fundamental questions, which were poorly covered in the literature, such as (9). Another one (21) deals with a problem that had been left severely alone for many years because Max Born FRS had found a solution; however, when looked at closely it turned out to deal only with another, relatively unimportant problem. The joint note (15) was a follow-on to a note by me, responding to comments made on it. He and I then became interested in geophysics (9, 22).
I must mention here a political campaign in which Tommy was the moving spirit and very active. Field Marshall Smuts, who had been Chancellor of the University of Cambridge, died in 1950, so that a successor had to be elected (all Cambridge MAs were entitled to vote, but only in Cambridge). The Vice-Chancellor and his colleagues thought of Lord Tedder, a most distinguished airman. Tommy thought that the leader of newly independent India, Pandit Nehru (a Cambridge graduate), would be a much more inspiring choice. But the senior group outmanoeuvred him.
Meanwhile, Tommy's position in Cambridge required urgent attention. His Junior Research Fellowship at Trinity expired in late 1951. Usually, this would be followed by a teaching fellowship at a College and/or a university teaching position. But his unusual career made such an appointment questionable. Only the Department of Physics thought that his impressive researches, though spread over physiology, astronomy, geophysics and engineering, had a lot of common ground in the physics used. Although the other departments did not regard him as equipped to teach in their field, Physics was willing to make him a 'Demonstrator' (a very junior lecturer) for three years, renewable. This brought him under the authority of Mr J. A. Ratcliffe, who, in 1951, refused to renew the appointment because Gold, a mere Demonstrator, had given such strong support to Hoyle in his arguments with Martin (later Sir Martin) Ryle (FRS 1952), who was a full Lecturer in Physics! Yet this modest post gave Tommy much needed teaching experience so that his 1942 failure was no longer his only experience of the exam system. Even so, his brilliant researches did not persuade many senior academics that he could help their less gifted undergraduates to pass their exams. Pure research posts were rare in those days, generally of short duration and badly paid. So Gold's academic future did not look promising.
CHIEF ASSISTANT TO THE ASTRONOMER ROYAL
He immediately understood how to get the best out of Tommy, who held the position from autumn 1952. He gave him an office close to his own and encouraged 'dropping in'. They discussed how to make the Royal Observatory fulfil its tasks most usefully and then talked about their own research interests. It was a pretty idyllic period for Tommy. He organized and led an expedition of the observatory to an island on the west coast of Sweden for observation of the solar eclipse of 1954 June 30. Although the weather denied them the opportunity to measure the deflection of light rays by the Sun, their most important task, the scientific output was respectable (24) . In his own work he deepened his understanding of magnetic fields in space (14, 18-20, 26, 27) , coined the phrase 'the Earth's magnetosphere' and took his first steps in subjects that would occupy him greatly in later years: instability of the Earth's axis of rotation (23), the lunar surface (25), space research (17) and solar-terrestrial relations (26, 27) . He kept in touch with his Cambridge friends; I moved from Cambridge to a chair in London, while Pumphrey moved to a chair in Liverpool. Only Fred Hoyle continued to be based in Cambridge, but he had become a considerable traveller, especially to the great astronomy centres in southern California. Tommy and I still produced some important joint papers (21, 22 ), but he also acquired new interests.
Alas, idylls rarely last long: at the end of 1955 Sir Harold had to retire under the age rules and Tommy could not get on at all with his successor, Richard (later Sir Richard) Woolley FRS. I could not understand why relations became quite so bad. Certainly Gold could never fit happily into a hierarchy, and their concepts of the tasks of the Royal Observatory were incompatible, but why Tommy felt he had to leave as soon as possible is not clear to me. His job prospects in the UK did not look good. His time at the Royal Observatory had not involved the teaching of undergraduates, which apparently ruled out a senior teaching position in Cambridge and elsewhere in the country. So he looked to the USA, where the teaching of undergraduates is not so essential for senior academic staff.
OFFERS FROM THE USA Fortunately, well before Sir Harold's retirement, Tommy had been at a cosmic ray meeting in Mexico and had chosen to return via the great observatories in southern California and two or three universities, including Cornell. In California he visited the Mt Palomar observatory and got on particularly well with Walter Baade, the Senior Observer. They looked at the questions raised by the polarization of starlight by employing the big telescope to obtain images of the Crab Nebula in three directions of polarization. The three pictures were totally different, from which they inferred that the light did not come from the hot surfaces of stars but from fast (relativistic) electrons suffering high accelerations in their helical paths about magnetic lines of force. This was a major insight into the problem of the source of the cosmic radiofrequency radiation.
Gold indeed made an excellent impression at several of his stopping places by his rapid understanding of the aim of their current researches and by solving minor questions, such as the double bang (16), on the spot. Cornell responded by offering him a sabbatical semester. Later, when his intention to resign his post at the Royal Observatory became known, Harvard offered him a chair, which he accepted but with no commitment to duration on either side. He took up his semester-long invitation to Cornell for the autumn of 1956, leaving England for good (his wife, being American, was happy with the move). He enjoyed Cornell, in particular the contact with Ed Salpeter (ForMemRS 1993) and Hans Bethe (ForMemRS 1957). But his next job, without rigid limit in duration, was at Harvard, where Tommy and his family moved in early 1957. He and everyone else expected this to be his final move. Indeed, he greatly enjoyed his contacts at Harvard, in particular with Edward Purcell (ForMemRS 1989), and with some of the outstanding scientists at nearby Massachusetts Institute of Technology (MIT), notably Bruno Rossi. Gold was put in charge of radioastronomy at Harvard, which he enjoyed. But he did not feel at ease there, the long drives from his chosen rural home in Lincoln being largely to blame as well as his somewhat restricted post (no department to control). So when Cornell in early 1959 made an excellent offer to him (to set up an interdisciplinary unit for 'Radiophysics and Space Research' and to be Head of the then minute Department of Astronomy, which he would be enabled to enlarge substantially), he accepted. In the late summer of 1959 he and his family moved back to Cornell, his final move.
GOLD IN THE USA
Here he was no longer in an unusual position foisted on to the 'normal' academic system but was a perfectly standard professor at a major research university. How did he perform in the various duties of such a position?
Teaching undergraduates to a fixed syllabus is a far less important task for such an academic in the USA than in Britain; however, lecturing to postgraduates and to postdoctoral students and guiding research groups-that indeed was Tommy's duty and his strength and made him famous throughout the American academic research community. I wrote to quite a number of people who had experienced his leadership, whether as postgraduate student or as a partner in a research effort, asking for comments. The responses were, without exception, enthusiastic and super-enthusiastic. A sample of the responses is given in the Appendix. His remarkable ability to inspire rested, I think, on two foundations: he taught and researched only in topics chosen by him and studied by him deeply in his unique verbal way. This makes it easier to lay bare the strands of logic one needs to pursue than emerges in the mathematical formulation which is, however, much less error-prone. Another duty of a professor is to sit on committees with colleagues to apportion time on a major facility such as a telescope, to make appointments of academic staff, to choose major lines of research, and so on. In this capacity Gold does not attract so much praise. He appears at the committee well prepared, but if he wants a particular outcome of the meeting, he will pursue this remorselessly, without any consideration of whether some minor modification might make it much easier for one or other of his colleagues to go along with him. He is quite cool to his fellow committee members and is only interested in the outcome. While in England, the only body of this kind he sat on was the Council of the Royal Astronomical Society, where at the time I was its Secretary. So I could observe this characteristic of his in its nascent stage and was not surprised to gather that at Cornell, where his powers were very much greater, this trait made him quite a few enemies and, to some extent, poisoned the atmosphere. Perhaps the area where these troubles were most prominent was his dealings with the Arecibo facility.
It will be recalled that one of his tasks at Cornell was to create an outstanding Department of Astronomy, starting from a minute base. He achieved this and was admired and applauded for it. But some acute observers were of the opinion that he would have been even more successful in this undertaking if academics thinking of joining his department had not been worried how they would enjoy meetings with Gold in the chair! Another field in which he was outstanding was to give popular or, better still, semi-popular lectures. His refusal to use any mathematics and equally his unwillingness to respect the claim of some 'specialists' that a certain scientific field should be reserved for them made his audience warm to him from the start.
In Sydney, Australia, the immensely energetic Professor of Physics, Harry Messel, worried by the unwillingness of so many young people to choose a scientific subject at university, set up the annual 'Science School for the best High School Students'. This lasted for a fortnight each year and was made as glamorous as possible, with great scientific names brought in by first-class air travel.
Such an audience suited Tommy very well. His informal style of lecturing was greatly appreciated by the young. So he became a lecturer at many of these annual science schools, not minding the long flights involved because of the luxurious mode of travel provided by Harry.
THOMAS GOLD AND SPACE
The opening of space to scientific instruments had intrigued Tommy right from its beginnings with sounding rockets and led to his link with Bruno Rossi and his group at MIT during Tommy's time at Harvard. But of course the coming of artificial satellites in 1957-58 greatly stimulated his appetite. No doubt his desire to place instruments in space was an additional argument for his move to the USA.
However, right from the beginning there was an incompatibility: for Tommy, the scientific harvest was the only valid reason for putting public money into the space endeavour. It is then easily worked out that, for almost all measurements, an unmanned vehicle is far more costeffective than a manned one! In Tommy's world, there was therefore no reason to go on putting public money into manned space flight.
When President Kennedy launched the Moon programme, even Tommy could see that it was useless to try to change it to an unmanned project. Indeed, he worked quite well with the teams designing the equipment to maximize the scientific output from an enterprise tightly focused on getting an astronaut to the Moon and back again. This should have led to good relations between Gold and the NASA management.
But, Tommy being Tommy, he could not forgo saying, on every occasion, how stupid it was to put so much money into manned space flight, when he could gain more science from a quarter of this sum with unmanned space vehicles. This did not endear him to the NASA management. But diplomacy was not congenial to him.
OVERVIEW OF GOLD' S RESEARCHES WHILE IN THE USA

Near space
The obvious entry point into space science is 'near space'. That is where van Allen made the first major space discovery: the van Allen belts. This is also an area in which Gold had already published several significant contributions (7, 17, 24, 26, 28, 29, 31, 32) . But now he could attack these questions not as a lone researcher but with the power of the Centre for Radio Physics and Space Research that Cornell had invited him to recruit and set to work. However, we cannot tell how much Tommy was personally involved in each new insight gained. We do know from the multitude of comments (some of which are set out in the Appendix) that he was always there, encouraging, stimulating, making suggestions for the next step. Nobody working in a research group reporting to him could ever think of Gold as an absentee (or silent) landlord.
It soon became evident to the researchers who worked, experimentally or theoretically, in 'near space' that the region was dominated by the Earth (notably through its magnetic field) and by the outermost layers of the Sun through the generation of streams of particles and of radiation. These insights spawned the division of the most interesting subject matter into 'the Earth's magnetosphere' (named by Tommy) and 'solar-terrestrial relationships'. Much work is being done in these fields, partly for its scientific interest but also because of its importance for communications, particularly military communications.
The Moon
The celestial object most in people's minds was then (in the mid and late 1960s) the Moon. The most puzzling feature of the Moon was its remarkably low albedo, followed by the question of whether the craters were caused by internal forces of volcanic character or by external causes (meteorite impact). Tommy had been interested in these questions for some time and had published a substantial paper in 1955, 'The lunar surface' (25). As usual with him, he had found uncompromising answers to these questions, answers he would defend against any criticisms, from wherever they came. He started by asking what the agent was that eroded the crater walls. On the Earth it is mainly wind and water, but both of these are absent on the Moon. He argued that the radiation environment on the lunar surface, unprotected by an atmosphere, is of a fierceness we find difficult to imagine. But this, combined with the huge temperature difference between night and day, experienced every lunar month by almost all the lunar surface, makes for powerful erosion. In such a process of erosion, inevitably there will be a substantial production of 'dust'. To start with, this will contain a lot of sizeable grains and rocks, but, as the radiation environment continues to erode, they will in time be reduced to dust. But even the dust will be eroded further by the Sun. In his analysis, the final survivors will be metal grains, which would fully account for the low albedo. The total quantity of material removed from crater walls could amply cover the whole Moon. The radiation environment, being very powerful, would also evaporate dust particles from the lunar surface and many of them would float around the Solar System. The speed of these competing processes would determine the thickness of the dust layer, but Tommy did not attempt to estimate any of these quantities because the required knowledge was not available at the time. It is implicit in his work that he firmly held the impact theory of the origin of the craters.
His impressive 1955 paper (25) defined his views on the lunar surface and he never changed them, but he made an incautious remark in the late 1960s. Because he was unable to calculate the thickness of the dust layer, one could not exclude the possibility that it was several metres thick and therefore might act like a quicksand on the astronauts, a danger not previously considered. This caused a near panic in NASA, the projected Moon landing being rather near in time. A robotic space vehicle was hastily developed carrying instruments capable of making sure that these risks were absent, at least in the projected landing zone.
We can date Tommy's contempt for US geologists and geophysicists to this period. As he put it: to claim to have insight into all forms of erosion because of your expertise in wind and water erosion is unsound and arrogant. Nobody from their ranks had proposed dust as the cause of the Moon's low albedo. Although this is now accepted by everybody, they do not give him credit for it because he suggested that the dust layer might be thick enough to create a risk for astronauts. It did not improve his temper that NASA ignored his work completely and blindly followed the 'official' Earth science line. Accordingly the astronauts were trained on spiky volcanic ground, a landscape none of them ever found on the Moon. Nonetheless, Tommy was asked to serve on NASA's scientific advisory committee and was happy to do so. He then designed a camera to be built into the astronaut's walking stick so that pictures of the Moon's surface were obtained without significant inconvenience to the astronauts. But one gets the impression that in the later Moon landings they were not encouraged to take pictures. He also found that the design of the space suits for extravehicular activities was in a totally unscientific state and helped the mission's manufacturers to improve them. He even got a contract to study, theoretically and experimentally, how fine dust would settle on the surface of the Moon. So relations between Gold and NASA were improving when NASA proposed the Shuttle.
To Tommy, this was totally infuriating. Having fulfilled the President's mandate, NASA were now free to do what they did best: unmanned missions to other planets, comets, satellites, placing instruments in space, and so on. Instead, they dug themselves even more deeply into the financial black hole of manned space flight with the only suggested reward of making manned space flight cheaper. He rightly foresaw that a project of this magnitude, dependent on unproven items, would suffer much cost escalation and that the heat shield of tiles could not avoid being vulnerable, owing to the fact that the carefully designed body shape is not developable. But even Tommy's warning of cost escalation underestimated the damage the Shuttle programme would do to almost all other NASA projects, including the scientific ones. But there was enough science left to make Tommy willing to serve on NASA committees and to cooperate with NASA on quite a few projects by NASA awarding research contracts to his organization at Cornell.
The arrow of time
This is the one and only purely theoretical field in which Tommy worked. It is an old question in physics: what is the origin of the time asymmetry in the world? After all, the Newtonian equations of motion are time-symmetric. Maxwell's equations have no inherent time asymmetry, but demand to be told whether to employ advanced or retarded potentials or a mixture of the two. We know that we get agreement with experiment only if we use the retarded option. Why do we have a much better memory for the past than for the future?
Over the years, various answers have been proposed. Several of them suggest that it is the statistics that gives time its arrowhead. Tommy and I discussed this problem a good deal in the late 1940s and early 1950s and were unwilling to accept that if you look at a system from a great distance (so that you can only see the statistics of it) the direction of the flow of time is patent, but disappears when you look at it closely! We then reached the conclusion that the source of the time asymmetry was the Hubble recession of distant matter which made the universe a perfect absorber for radiation (provided it was sufficiently transparent, as ours is, at least at present). We both thought that this elegant and appealing solution would attract great interest among the community of academic physicists and called a conference at Cornell. Most of the people we had invited came, including R. P. (Dick) Feynman (ForMemRS). He and Tommy had become great friends as soon as they first met. Neither of them could leave a puzzling occurrence alone until it had been clarified to their satisfaction.
In spite of Dick's presence, the meeting was not very lively. It can only be guessed that what many thought was that they should have studied more deeply and cogitated more about this question, that they disliked making local physics dependent on cosmology, but that they, relatively unprepared, could not argue profitably with Tommy, who had thought of little else during the weeks leading up to the conference. Even Dick Feynman, not usually shy, did not want his name to appear in the conference report, where he is disguised as 'Mr X'. Cornell published the report in book form in 1967 as The nature of time (34).
The problem of the arrow of time (and of his resolution of it) was with him all his scientific life, as shown by the list of his publications that refer to it (30, 33, 34, 37, 38, 42).
Pulsars
The discovery of pulsars by the Cambridge Group for Radio Astronomy excited enormous interest. What was the constitution of these extraordinary objects? How far away were they? These questions led to a vigorous exchange of letters in the scientific journals.
For once, Tommy Gold kept quiet. He attended quite a few of the meetings dealing with the structure and origin of pulsars. When he thought the time was ripe, he asked the organizers of the first conference on pulsars (New York, 20 and 21 May 1969), which explicitly sought to present some of the more daring proposals, to give him platform time to present his resolution of the problems. His paper was refused, with a comment that it was so outlandish that, if allowed, there would be no end to the crazy suggestions that would have to be admitted. The journal Nature, however, published the paper almost immediately (35). Indeed, the time from receipt of the paper (20 May) to publication (25 May) may be a record! Tommy had spent some time, 17 years earlier, investigating the radio sources then being seen. He had argued that small condensed stars with very strong magnetic fields would give out just such intense radiation as was being observed, but that such objects should show short timescale fluctuations, not being observed in the sources then under debate. Hence, when pulsars were discovered, he had felt sure they must be the neutron stars whose properties he had predicted. Later that year, observations from Australia and from Cornell's Arecibo radio telescope supported his hypothesis.
The Arecibo work had focused on the Crab Nebula, using a computer program devised by Richard Lovelace, then a graduate student there. The luminosity of the Crab Nebula was an enigma, because its source was unknown, and some years previously Walter Baade (of Pasadena and the Palomar Observatory) and Tommy discovered that the light was emitted along filaments, with a polarization at right angles to each filament. These were unexplained at the time, but Tommy now sent his assistant to look up the estimate of the luminosity. The figure was so close to the energy he calculated being lost from a neutron star, given the observed spin speed and slowdown and the expected moment of inertia, that he was certain that this provided the explanation, and published in Nature again (36) .
The deep Earth and petroleum
Tommy became extremely interested in the issue of the origin of petroleum, and this work dominated the last 25 years of his life. His first published paper on the subject was in 1979, but, as Fred Hoyle mentions in his 1955 book Frontiers of astronomy, Tommy's initial thoughts on a possible abiogenic origin for petroleum, from liquids and gases forced upwards from deep levels, began long before this.
He never claimed that he alone had thought of this, and often referred to papers by Sir Robert Robinson FRS in Nature in 1963 and 1966, which proposed a dual origin for petroleum (biogenic and abiogenic). After the publication of the 1979 paper, Tommy and his colleague Steven Soter began to find more of the Russian and Ukrainian work on the same topic-previously, he had known only of minor Russian work, which he cited in that first paper. Tommy was both delighted (because this independent work lent credence to the theory) and disappointed (that the ideas he had developed for abiogenesis were not entirely original) to learn that the Russians had been thinking along these lines for some time; he arranged to have some of their papers translated.
Most unfortunately, some people came to believe that Tommy had plagiarized the Russian work, even incorrectly asserting that he could read Russian fluently. The Russians themselves do not seem to have understood things in this way, and Tommy was invited to contribute a paper to a conference on the subject in Moscow in 1984. His 1993 paper for the US Geological Survey (40), published in the teeth of considerable opposition from some geologists, cited 17 Russian papers, going back to Mendeleev in 1877.
The development of his theories, expressed in various papers and two books (39, 41), drew originally on research into earthquakes. The many observations, made over centuries, of erratic animal behaviour before earthquakes, and of evidence from land and the ocean floor suggesting the sudden release of gases, led him to propose that earthquakes are triggered by a release of gases from below the Earth's crust. This can account for deep earthquakes, where the abrupt movement of rock seems implausible given the high temperature and static friction-however, if gas at high pressure were to invade a crack, it would be able to support the weight of the overburden and thus brittle fracture could occur, as in shallower earthquakes. The prediction of some earthquakes might therefore be possible through the observation of gas migration effects.
Later, the discovery of bacteria capable of living in hot vents on the ocean floor and at great depths in the Earth's crust gave strong support to his theory that the presence of biological markers in petroleum is the result of bacterial action on abiogenic methane, rather than evidence for a biological origin for petroleum itself. The presence in natural gas of helium in quantities that would be inexplicable for purely biogenic methane was another part of his argument, which has received surprisingly little attention from his opponents.
CONCLUSION
Tommy had a heart attack in 1985, and officially retired in 1986. He briefly returned to Cambridge and attempted to pick up some of the threads of his much earlier life there, but this move did not work out and he went back to Cornell. Although the main focus of his later work was the abiogenic origin of petroleum, his last published paper, in spring 2003, was about the flow of time, and two weeks before his death he wrote me a long e-mail concerning an explanation for Olbers' paradox. His capacity for thinking across different fields and for challenging orthodoxies made him unpopular with some, but inspirational to others. He represented a crucial irritant to rigid thinking and frequently railed against the way the scientific community resisted new ideas. As the leader of a research group, he could be exciting and stimulating; as a colleague, he could be difficult to work with because he was never a 'team player'. Original, insightful and no respecter of subject boundaries, few scientists have made such important contributions to such widely ranging fields. Tommy … had been thinking about the reflections of vertical structures in non-smooth water surfaces. He had deduced that in the right circumstances … it should be possible for a vertical structure, such as the mast of a sailing boat, to have a disjointed reflection such that parts of the mast would appear as closed, detached loops in the reflection … Then he went to a harbour … and observed the actual phenomenon. This made an impression on me. To have observed the phenomenon and then provided an explanation would have been impressive enough but he did the reverse. I was amazed … I always found him to be a warm and generous man and I held him in the highest esteem.
Ed Salpeter ForMemRS (Cornell; James Gilbert White Distinguished Professor of the Physical Sciences, Emeritus)
Tommy had a strong and long-lasting effect on the research output of his Cornell faculty colleagues and graduate students alike. Production of molecular hydrogen is a case in point for myself. Tommy had written a
